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Abstract 



An electroluminescent device is disclosed comprising in sequence, an anode, an organic h^'^J^^^^^^^ 
transporting zone, an organic electron injecting and transporting zone, and a cathode. An AC drive sct|me 

for the electroluminescent device is disclosed which provides the device with a longer operational life. 
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Organic electroluminescent devices with improved stability 

S. A. Van Slyke. C. H. Chen, and C. W. Tang 
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New York 14650-2110 
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Highly stable organic electroluminescent devices based on vapor-deposited Alq thin films have been 
achieved. The improvement in stability is derived from several factors including: (1) a multilayer 
thin-film structure w^ith a CuPc stabilized hole-injection contact, (2) a hole-transport diamine layer 
using a naphthyl-substituted benzidine derivative, and (3) an ac drive wave form. These emissive 
devices have shown an operational half-lifetime of about 4000 h from an initial luminance of 510 
cd/m^. © 1996 American Institute of Physics. [80003-6951(96)01141-2] 



Organic electroluminescent (EL) devices are of consid- 
erable interest in various display applications because of 
their high efficiency and colors. Using multilayer structures,* 
doped emitting layers,^ novel transport and luminescent 
materials"''^ including polymers,^"^ and efficient injection 
contacts, these organic-based devices can be operated with 
a dc voltage as low as a few volts and provide luminous 
efficiencies greater than 1 InvW over a wide spectral 
range. To be practical, it is also necessary to demon- 
strate that these devices have sufficient reliability. However, 
most organic EL devices reported so far have a short opera- 
tional lifetime, ranging from a few hours to several hundred 
hours. This instability has been attributed to the deterioration 
of the organic as well as the electrode layers'"^ and is highly 
dependent on the device configuration.'"^ Indeed, by using a 
new EL configuration with a doped hole-transport layer as 
the emitter, significantly improved stability (half-life about 
3600 h) has been obtained recently.'^ We will show that 
excellent stability can also be produced with an Alq-based 
emitter using a combination of novel device features and a 
suitable ac drive scheme. 

The organic EL device structure is shown in Fig. 1 . The 
emitting layer was Alq and the hole transport layer was NPB. 
An additional layer, CuPc, was inserted between the NPB 
layer and the indium-tin-oxide (ITO) electrode, which was 
typically 300 A thick with a sheet resistance of about 100 
fl/sq. Prior to the organic deposition, the ITO coated glass 
plate was thoroughly cleaned by scrubbing, sonication, vapor 
degreasing, and irradiation in a UV-ozone chamber. 

All organic layers were prepared in a vacuum chamber 
(about 10"^ Torr) by vapor deposition using resistively 
heated tantalum boats. Typically, the deposition rate was 4 
Ays and the substrate to evaporant source distance was about 
30 cm. After the deposition of the organic layers and without 
a vacuum break, the Mg:Ag(10:l) electrode was deposited 
on top of the organic layers using separately controlled 
sources. The deposition rate for Mg and Ag was typically 10 
and 1 A/s, respectively. The active area of the EL device, 
defined by the overlap of the ITO and the Mg:Ag electrodes, 
was 0.1 cm^. The EL device was completed with encapsula- 
tion in a dry argon glove box. 

The EL luminance and chromaticity values were mea- 
sured using a Photo Research PR650 spectrophotometer. A 
dc voltage or current source was used to trace the current- 
voltage characteristics. For the operational stability test, the 



constant current source was modified to include a constant 
reverse voltage component in its temporal wave form. This 
excitation was equivalent to an asymmetric ac power source. 
In the forward half-cycle, a constant current source was im- 
pressed on the EL device, whereas in the reverse cycle a 
constant voltage was applied. The light output and the for- 
ward bias voltage were monitored continuously throughout 
the stability test. 

The initial luminance-current- voltage (L-/-V)and the 
corresponding L-I characteristics of an EL device prior to 
the stability test are plotted in Fig. 2. The EL performance 
parameters derived from these plots and spectral measure- 
ments plots are as follows: the luminous efficiency (about 
2.8 cdA) is relatively constant at high current densities; the 
luminous power efficiency has a maximum value of 0.73 lAV 
at about 9.5 V; the emission spectrum peaks at 528 nm and 
independent of luminance (or current) levels. 

Figure 3 shows the operational stability of the same EL 
device. The test conditions are as follows: 40 mA/cm- con- 
stant current in the forward bias cycle and — 14 V in the 
reverse bias cycle, 1 kHz square wave, and 50% duty cycle. 
As the injected current in the reverse bias cycle is negligibly 
small, light emission is observed only in the forward bias 
cycle. The time-averaged injected current density is, there- 
fore, 20 mA/cm^ under this ac voltage excitation, which pro- 
duces an initial luminance of 510 cd/m^. 

The aging behavior of the EL device may be divided into 




FIG. 1. EL device configuration and molecular structures. 
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FIG. 2. Luminance-current-voltage characteristics of the EL device. The inset shows the luminance vs forward bias < 



two regimes. In the first 50 h, the efficiency of the device 
steadily improves with operation. That is, the luminance out- 
put actually increases by about 10% under this constant cur- 
rent drive. Concomitantly, the forward bias voltage (at 40 
mA/cm^) decreases slightly from 12.8 to 12.5 V. After this 
"forming*' period, the luminance output steadily decreases 
with time at a rate of about 0.15 cd/m^ per hour for the first 
few hundred hours. The luminance decay rate becomes pro- 
gressively slower with continuous operation and beyond 
2000 h it is reduced to less than 0.075 cd/m^ per hour. The 
forward drive voltage remains relatively constant, rising by 
only about 0.5 V after the initial forming period. The mean 
time to half-brightness (or half-life) is about 4000-5000 h 
from an initial luminance of 510 cd/m^, as can be extrapo- 
lated from Fig. 3. 

We have tested similar EL devices under various injec- 
tion current conditions. It was generally found that the lumi- 
nance decay rate is directly proportional to the injection cur- 
rent density. This behavior means that the luminance 
degradation is coulombic, and that the degradation event re- 



sulting from charge injection is cumulative and irreversible. 
Given this decay dependence on the injection current, one 
can project (from the stability data shown in Fig. 3) a sig- 
nificantly longer half-life for the EL device operating at a 
lower current density and vice versa. The useful life of the 
EL device can be further extended by increasing the lumi- 
nance efficiency using a doped Alq emitter.^ 

The improvement in operational stability in the organic 
EL device reported here may be attributed to the combina- 
tion of (1) a novel device configuration including the use of 
a new hole -transport material and a modified hole-injection 
contact, and (2) an ac drive wave form providing a reverse 
bias component. 

The new hole- transport material, NPB, is a benzidine 
with naphthyl substituents. In cyclic voltametry measure- 
ments, the oxidation of the neutral NPB molecule and the 
reduction of the NPB"^ cation is completely reversible. In 
addition, due to the resonance stabilization effect, the doubly 
charged NPB"^"^ cation is similariy reversible in the 
oxidation/reduction cycle. This solution property assures that 
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FIG 3. Operational stability of the EL device driven at a constant current of 20 mA/cm- with 



an ac wave form. The initial time-averaged luminance is 510 
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these radical cation species are equally stable in solid films 
such as the hole-transport layer used in the EL device. The 
naphthyl substituents incorporated in the NPB molecule are 
V intended to improve the thermal stability of the hole- 
transport layer. Among the layers, the hole-transport layer 
has the lowest thermal tolerance because of the generally low 
^ glass transition temperature of the amine class of materials. 
The bulky naphthyl moiety in the NPB molecule provides a 
more rigid structure by hindering the rotational motion of the 
« naphthyl groups about the N-C bonds. As a result, the glass 
transition temperature of NPB (95 °C) is substantially higher 
than that of other benzidine derivatives. For comparison, 
when the naphthyl group is replaced by the less bulky 
m-methylphenyl, as in the TAD molecule that is commonly 
used m organic EL devices, the glass transition temperature 
IS reduced to 65 °C. With suitable encapsulation, EL devices 
with a NPB transport layer can withstand storage tempera- 
ture up to 95 X for over 100 h without any significant deg- 
radation in the device performance. 

Another device modification was to form on the ITO 
surface a thin layer of CuPc prior to deposition of the NPB 
layer. The inclusion of this layer has only a modest effect on 
the efficiency of the device as long as the CuPc layer is 
sufficiently thin, that is <200 A. The benefit of the CuPc 
layer is that the forward bias voltage either remains relatively 
stable or rises very slowly under constant current excitation. 
Without the CuPc layer, the bias voltage has the tendency to 
mcrease steadily, leading eventually to a dielectric break- 
down in the device. This instability may be attributed to a 
number of factors, including the formation of deep carrier 
traps in the bulk and interface degradation. The observed 
advantage of CuPc on ITO implies that an injection barrier at 
the ITO/NPB interface is formed during operation. This may 
result from a mismatch between the work function of ITO 
(4.7 eV) and the ionization potential of NPB (5.1 eV).^^ The 
ITO/CuPc barrier is lower because of the lower ionization 
potential of CuPc (4.7 eV) relative to NPB.'^ This lowering 
of the interfacial barrier understandably can affect the injec- 
tion efficiency, but its effect on the operational stability is 
less clear. In a stable EL device, the barrier parameters 
should be unaffected by the coulombic charges injected from 
the electrode. The bias instability, therefore, means that there 
is a net increase or accumulation of positive space charges 
near the ITO contact as a result of hole injection from this 
electrode. In a recent work,^^ Adachi et ai have examined a 
series of hole-transport materials belonging to the benzidine 
class and reported that the durability of their EL devices can 
be correlated with the ionization potential of the hole- 
transport molecules. They noted that the stability is inversely 
related to the energy barrier of the hole-injecting contact. 
Our result of enhanced stability using a low-barrier ITO/ 
CuPc injecting contact may add support to their observation 
However, within the same class of hole-transport materials 
such as the benzidines, we have not observed a significant 
correlation between the device stability and ionization poten- 
tials as reported by Adachi et ai We suspect that other ef- 



fects, such as the difference in adhesion strength between 
NPB and CuPc on ITO, may very well play a role. 

Even with an improved ITO/CuPc hole-injecting con- 
tact, bias instability may still persist in dc operation. It was 
found that this instability can be further reduced using an ac 
excitation scheme, which provides a reverse bias voltage 
component in the temporal wave form. This reverse bias pre- 
sumably is effective in preventing a buildup of trapped space 
charges in the organic layers accumulated during the current 
flow in the forward cycle by ''detrapping" them during the 
reverse cycle. This ac stabilization effect is relatively inde- 
pendent of the frequency of the drive wave form, but the 
amplitude needed for the reverse bias should be as large as 
the forward bias. Another effect that the reverse bias may 
have is to cause the "bum out" of any localized conducting 
filaments that might be connecting the two parallel elec- 
trodes in the thin-film EL device structure. The reverse bias 
voltage is considered more effective in removing these de- 
fects because the reverse bias current is not shunted by the 
EL diode as in the case of forward bias. 

In conclusion, we have demonstrated a highly stable or- 
ganic EL device based on thin-film Alq. Operating with an 
initial luminance of 510 cd/m", the half-lifetime is about 
4000 h and is achieved by using a multilayer device structure 
v^'ith a CuPc-stabilized hole-injection contact and a naphthyl- 
substituted benzidine derivative as the hole -transport layer. 
With an ac drive wave form, the problem of space-charge 
accumulation in the EL layers has been alleviated. As a re- 
sult, the bias voltage is stabihzed during EL operation. 

The authors acknowledge the assistance of Dustin Com- 
fon and Loan Nguyen in the fabrication of EL devices. 
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